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>_ Rate constants have been measured for electron attachment to C5F5N (297-433 K) and
0- to 2,3,5,6-C5HF4N (303 K) using a flowing-afterglow Langmuir-probe apparatus (at a He gas

) pressure of 133 Pa). In both cases only the parent anion was formed in the attachment process. The
attachment rate constants measured at room temperature are 1.8-±0.5 X 10-7 and
7±3 X10-10 cm-3 s-1, respectively. Rate constants were also measured for thermal electron

0 detachment from the parent anions of these molecules. For C5F5N- detachment is negligible at room
temperature, but increases to 2530± 890 s-1 at 433 K. For 2,3,5,6-C5HF 4N-, the detachment rate
at 303 K was 520± 180 s-1. The attachment/detachment equilibrium yielded experimental electron
affinities EA(C5F5 N)=0.70±0.05 eV and EA(2,3,5,6-C5HF 4N)=0.40±0.08 eV. Electronic
structure calculations were carried out for these molecules and related CsHxFS.xN using
density-functional theory and the G3(MP2)IIB3LYP compound method. The EAs are found to
decrease by 0.25 eV, on average, with each F substitution by H. The calculated EAs are in good
agreement with the present experimental results. © 2005 American Institute of Physics.
[DOI: 10.1063/1.2032967]

. OVERVIEW 20060117 481 where a vibrational Feshbach resonance occurs as a result of
In recent years we- nave been Studying electron-aitachi- a large pt, in a narrow electron energy range below the vi-

ment to substituted ring compounds, where, generally speak- brational excitation threshold.7 Other substituted pyridines

ing, the bonds are strong enough that dissociative electron have large A (see below), but have negative EAs, which
nevertheless can lead to the formation of a metastable anionattachment is unlikely for thermal-energy electrons, and (a ihC2o 2)7

symmetry issues sometimes influence electron detachment (as With CO 2 or

from the parent anion (see, for example, Refs. 1-3). In the We have used density-functional and Moller-Plesset per-
turbation theories to study these and other isomers of Czv,

present experiment we examine substituted pyridines. We y
have measured rate constants for electron attachment and symmetry. These other molecules either have an EA too

electron detachment for perfluoropyridine and 2,3,5,6- small to study with our apparatus, even negative in most

tetrafluoropyridine: cases, so electron attachment was not attempted for these
additional molecules.e-+ C5F5 N •: C5 F5N-, (1)

II. EXPERIMENT
e- + C5HF4N t; C5HF4 N. (2) The present measurements were made in a flowing-

For simplicity, we will refer to 2,3,5,6-C5HF 4N as simply afterglow Langmuir-probe (FALP) apparatus. The method8
C5HF4N. Electron affinities (EAs) were determined from the and the Air Force Research Laboratory apparatus 9 have been
attachment/detachment equilibrium constants. EA(C5 F5N) well described previously. The attachment/detachment reac-
has been earlier measured by Dillow and Kebarle, who ob- Lions take place in a fast-flowing electron-He', Ar' plasma at

4 C
tained 0.68±0.11 eV from ion equilibrium experiments. The 133 Pa of He gas. The C5F5N and C5HF 4N were used as
two molecules differ in that the dipole moment (/[) of C5F5N obtained aside from freeze-pump-thaw degassing cycles.10

5is 0.98 D, while that of C5HF4N has been calculated in the Mixtures were prepared at room temperature in He gas of
present work to be 2.37 D. The /-t of C5HF4N is large enough typically 0.3% for C5F5N and 6% for C5HF 4N for accurate
that it may support a weak dipole-bound anion state,6 though measurement of the flow rate of reactant into the FALP. An
no such anion state has yet been reported. The role of p in example of the data obtained in the present work is shown in
electron attachment is complicated, but it is not the major Fig. 1. The signature of the detachment reaction is apparent
factor in determining the magnitude of ka, excepting the case in Fig. 1: the initial decay in the electron density is described

by the electron attachment rate constant ka. As time goes on,
a)Electronic mail: jvandoren@holycross.edu the competing attachment/detachment processes cause the
b)Also at Institute for Scientific Research, Boston College. electron density to reach a steady-state, diffusion-limited
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A mass spectrometer at the downstream end of the flow
+C C5F5 N +- C5 F5 N- tube allowed determination of ionic products of the attach-

1-403 K ment reactions. In the present study, only parent anions were
o observed from the attachment process.

ambipolar
a) diffusion

W

. III. ATTACHMENT AND DETACHMENT RESULTS

c attachment, The measured ka and kd for C5F5 N are given in Table I
2 detachment for the temperature range of 297-433 K. At 297 K,

Oi and diffusion
W ahnd ka= 1.8±0.5 × 10-7 cm-3 s-1. According to the Klots electron

diffusion capture theory, this ka implies attachment upon every 1-2
collisions.12 The ka values decline as the temperature in-

0 1 2 3 creases. The kd values are immeasurable at 297 K, but climb

t (ms) rapidly to 2530±_890 s- 1 at 433 K. The measured ka and kd
for C5HF4N are given in Table II only for the temperature of

FIG. 1. An example of the electron attachment/detachment data, in 303 K because EA(C5HF4N) is so low that detachment is
133-Pa He gas at 403 K. The C5F5N concentration was 1.37 X 1010 cm-3 . significant even at room temperature. Measurements at
The solid lines are solutions of the rate equations governing ambipolar dif- somewhat higher temperatures would be useful, but the ka
fusion, electron attachment, and electron detachment. The upper data set
was obtained in absence of CsF 5N and gave the diffusion decay constant was low enough that a large reactant concentration (nr) was
(nv',=500 s-'). The lower data set was fit using k,==l.0X 10- cm- 3 s' and needed in these measurements-but difficult to sustain in the
kd=910 s-1. flow tube given the low vapor pressure of C 5HF4N. The

measured ka and kd at 303 K are 7_±3 X 10-10 cm-3 s-1 and
condition, provided that the electron detachment rate con- 520±180 s', respectively. The ka value implies that electron
stant kd is greater than the ambipolar diffusion decay con- attachment takes place only once in every 470 collisions,
stant PD (otherwise the plasma diffuses away before the based on the collisional rate constant calculated from the

steady-state condition is met). The measurement of vD was Klots theory.12

made in absence of reactant gas. The rate constants ka and kd

were determined from a fit to the data of the solution to the
rate equations describing attachment and detachment. The IV. ELECTRON AFFINITIES OF C5 F5N and C5HF4 N
ka are normally estimated accurate to ±30%, and the kd are
estimated accurate to ±35%. However, in the case of We have given details of the procedure for deducing EA
C5HF4N, larger uncertainties are estimated because its small from the measured ka and kd in recent papers. '13 Consider-
ka, low vapor pressure, and small EA limited the ranges over ation of the equilibrium constant for attachment/detachment
which data could be obtained, leads to the following relation between kd and ka:

TABLE I. Rate constants for electron attachment to C5F5N and electron detachment from C5F5N-. The experi-
mental uncertainty is +30% for k_ and ±35% for kd, except that the kd in parentheses are not reliable since they
are smaller than (or close to) the ambipolar diffusion rate (but give the best fit to the data). For comparison with
kd, the measured ambipolar diffusion decay constant vD is given for the electron-(He+,Ar+) plasma at 133-Pa
pressure and - 100-m s-1 plasma velocity. The calculated [B3LYP/6-3I 1 +G(3df)] entropy S° and integrated
specific heat fCpdT are given in plain type for C5F5N and in italics for C5F5N-.

T S° fCpdT VD k. kd EA
(K) (meV K-1) (meV) (s-') (10-' cm 3 s-') (s- 1) (eV)

297 ... 338 17.3 (0) ...

...... 338 18.0 (0)

383 4.254 350.4 505 13.2 (612) (0.68)
4.498 371.4 505 12.2 (500) (0.68)

393 4.296 366.1 506 10.2 683 0.69
4.543 387.9

403 4.338 382.0 500 10.1 910 0.69
4.587 404.6 500 9.54 930 0.69

413 4.380 398.1 544 9.55 1490 0.69
4.631 421.6 544 9.76 1370 0.70

495 9.97 1330 0.70
423 4.421 414.5 570 10.4 2100 0.70

4.674 438.7 570 9.56 1930 0.70
433 4.462 431.1 567 9.57 2550 0.71

4.717 456.1 567 8.50 2500 0.70
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TABLE II. Rate constants for electron attachment to 2,3,5,6-C5 HF4N and electron detachment from
2,3,5,6-C5HF 4N-. The experimental uncertainties are ±45% and ±35% for k_ and kd, respectively. For com-
parison with kd, the measured ambipolar diffusion decay constant v' is given for the electron-(He÷, Ar÷) plasma
at 133-Pa pressure and -100-m s-1 plasma velocity. The calculated [B3LYP/6-3I1++G(3df,2p)] entropy So
and integrated specific heat fCpdT are given in plain type for 2,3,5,6-C5 HF 4N and in italics for
2,3,5,6-CHF4 N-.

T vD S, f CdT k,, kd EA
(K) (s-') (meV K-1) (meV) (10-10 cm3 s-1) (s-') (eV)

303 351 3.698 208.6 8.5 520 0.40
332 3.942 228.2 5.0 580 0.39
324 8.0 480 0.40
324 6.5 505 0.40

kd= knLo(273.15/T)exp[- (EA/kT) - (AS°/k) V. COMPUTATIONAL METHOD AND RESULTS

- (HT - Ho)/kT]. (3) Two types of calculations were carried out in this work

using the GAUSSIAN-03 set of programs. 5 Density-functionalIn Eq. (3), k is Boltzmann's constant, L is Loschmidt's num- theory (DFT) based on the hybrid functional B3LYP,16' 17

ber, EA is the electron affinity (at 0 K, by definition), ASO is with a large basis set [6-311 + +G(3df, 2p)],18 was applied to
the entropy change due to electron attachment at temperature determine the iutegrated heat capacities and entropies needed
T, and Hr-Ho is a thermal-energy correction. The entropy deterpret the experpacits on C ntrop nd ed
change was calculated for each T, as laid out in Sec. V, 5  a
below, allowing the detachment energy to be determined at in terms of EAs. Calculations were also carried out using the
temperature T. The integrated heat capacities contained in compound method G3(MP2)//B3LYP in order to get an ac-(Ht-Ho) then allow this energy to be reduced to the EA (at curate theoretical EA. 19,2 This latter method utilizes the hy-O K, by definition). The calculated entropies and heat capaci brid functional B3LYP with a smaller basis set [6-31G(d)] to

ties for the neutrals and anions are tabulated in Tables I and determine the molecular geometries and zero-point energies
II for each relevant temperature, along with the apparent EA (ZPEs) of the neutral and anion, and applies Moller-Plesset
deduced from each datum, using Eq. (3). In earlier work we perturbation theory to determine a high-level energy for
have shown that the calculated quantities are accurate within those geometries. The G3(MP2)//B3LYP method has been
a few percent. 13 Since the calculated quantities contribute shown accurate on average to ±54 meV for ionization poten-
only 7%-8% of the EA value, they contribute negligibly to tials and electron affinities.19 The results of the calculations
the uncertainty in EA. Entropies for the electron were taken are given in Tables I and II (integrated heat capacities and
from the JANAF tables. 14  entropies) and in Table III (ZPEs, total energies, EAs, /t). In

EA(C5F5 N) was found to be 0.70±0.05 eV from the two cases noted in Table III, namely, 2,6-C5H3F2N- and
present data, in excellent agreement with the measurement of C5H5N,, the small basis set used with the G3(MP2)//B3LYP
Dillow and Kebarle, who obtained 0.68-±0.11 eV.4  compound method yielded C, symmetry, while the larger ba-
EA(C5HF 4N) was found to be 0.40±0.08 eV. The uncer- sis set used with the "pure" DFT method in Table II1 yields a
tainty in EA(C5HF 4N) is larger than in EA(C5F5N) because planar C2, symmetry. MP2 optimizations likewise gave C,
C5 HF 4N could only be studied at one temperature (303 K), for the small basis set, for both anions. MP2 optimization
as a result of its low EA, low ka, and low vapor pressure. with the large basis set remained at C, symmetry for

The calculated entropy results are interesting to com- C5H3F2N-, but went to C2, for C5H5N-. Thus, it is virtually
pare: TAS° is negative for the C5F5N attachment process, but certain that C2, symmetry is correct for C5H 5N-, but it is
positive for the C5 HF4N case. The entropy term arises from uncertain whether C5H3F2N- is C, or C20.

Optimized geometries for C5F5N and C5HF4N neutrals
SO = S° - S, - Se (4) and anions are shown in Figs. 2 and 3. The geometry change

in going from the neutral to the anion appears similar for
where the subscripts a, n, and e refer to the anion, neutral, these two molecules. The main difference is in the effect of
and electron. For C5F5N, the usual situation was found, electron attachment on the F or H atom bound to C4, both in
namely, that electron attachment is accompanied by a de- the C-F versus C-H bond length change as well as in the
crease in entropy (e.g., TAS°=-15 meV at 413 K). For out-of-plane angle. Natural population analysis21 (NPA) in-
C5 HF4N, S°-S' is of similar (positive) size as with the dicates that the "extra" electronic charge in the anion is sta-
C5 F 5 N case, but SO is smaller due to the lower temperature bilized through delocalization around the ring (0.62e for
for which detachment took place, making TAS° positive C5F5N- and 0.70e for C5HF4N-) and on the fluorine atoms
overall, namely, +7 meV at 303 K. (The temperatures cho- (0.38e for C5F5N- and 0.24e for C5HF4N-). In a related
sen in these examples are those at which the attachment fre- computational study, Alkorta et al. found that small anions
quency, kafnr, was comparable to the detachment frequency, will associate with perfluoropyridine, binding closer to C4
kd.) The positive TAS° term for C5 HF4N inhibits electron than N. Their results are also consistent with our NPA analy-
detachment, as is evident from Eq. (3). sis which yielded 64% of the extra charge in C5 F5 N- found

Q- >nn #ý ')ll 4 AA 1XZ1 ~IAAq -hi- * f AID 1;.. - -- ýh .. Inf1-.ýI
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TABLE III. Results of Moller-Plesset and density-functional calculations F F
for C5H•FyN neutrals and anions. Energies are in hartree, except for EAs. 1.321 1.432 3W

1.329 z1.436 39.3'
F FII F 1.41.1 F

System G3(MP2)//B3LYPa Pure DFrT ..394 L427
C1.369" :

1.328 C

CFN (C2 9,'A,) .35C 3F3  3 1,7 CFN I3

ZPE0.046 38 0.048 08 neutral C .s no'3total energy (0 K) -743.681 14 -744.67480 F c N c F F can

EA (eV) 0.645 0.800 14 I.F1.

dipole moment (D) 0.93c 1.01 (0.98±0.08)d V,326.36 1.36.

C2 FsN- (C,, 2A')
ZPE 0.042 96 0.04424 FIG. 2. Calculated structures for CsF5 N (C 2,) and C5F5 N- (C.), with views

total energy -743.704 86 -744.704 19 above and to the side of the average plane of the ring. The bond lengths in

2,3,5,6-CsHF4 N (C2,, 'A 1) plain type are from B3LYP/6-311 +G(3df) optimizations. Those in italics

ZPE 0.05422 0.055 80 are the B3LYP/6-31G(d) optimizations used in the G3(MP2)//B3LYP calcu-

total energy (0 K) -644.53054 -645.406 42 lations. The angle shown is 180'-ZLN1-C4-F.

EA (eV) 0.272 0.380

dipole moment (D) 2.61c 2.37
2,3,5,6-CsHF4N- (C9, 2A') in the C3-C5 half of the molecule (53% in the C5HF4N-

ZPE 0.05005 0.051 35 case). A similar change in neutral-to-anion geometry was
total energy (0 K) -644.54052 -645.42040 found for the C 5H2 F 3N isomers, but the pyridine anion and

3,4,5-CsH2F3 N (C 2,, 'A])
ZPE 0.061 98 0.06374 related C5H4FN and C5 H3F 2N anions are nearly planar, pre-
total energy (0 K) -545.35358 -546.11095 sumably because of the inability of the hydrogen atoms to
EA (eV) 0.138 0.288 accommodate the extra charge.
dipole moment (D) 0.88c 0.51 The question naturally arises as to why the attachment

3,4,5-C5 H 2 F 3 N- (C,' 2A') rate constants for C5F5N and C5HF4N are so different. Both
ZPE 0.058 34 0.05974 r
total energy (0 K) -545.35864 -546.121 54 reactions are exothermic and the geometry changes upon at-

2,4,6-C5 H 2F 3N (C 2,, 'A,) tachment of an electron to the neutral molecules are similar.
ZPE 0.062 15 0.063 79 However, the magnitude of the energy gained upon attach-
total energy (0 K) -545.38545 -546.14296 ment is different, reflecting the different stabilities of the
EA (eV) -0.058 0.056

dipole moment (D) 2.48c 2.34 negative ions. The answer may lie in the kind of analysis
2,4,6-CH 2 F3 N- (C(,2 A') canied out by Gallup et al. for dissociative electron attach-

ZPE 0.058 31 0.05979 ment, where a strong correlation between the vertical elec-
total energy (0 K) -545.383 32 -546.14502 tron attachment energy and the thermal rate constant for at-

2,6-CH 3F2N (C2,,,'A,) tachment was found. 23

ZPE 0.07002 0.071 83

total energy (0 K) -446.22236 -446.861 65 We also calculated total energies for the rest of the
EA (eV) -0.213 -0.089 CsHxFs.xN series with C2, symmetry. These results are
dipole moment (D) 4.22' 3.85 included in Table 11I along with EAs and dipole

2,6-CsH 3F2N- moments. Experimental studies of electron attachment were
ZPEC 0.06492 0.06482 not attempted for the commercially available species
total energy (0 K)9  -446.21453 -446.85837

4-CAH4 FN (C2,,,A,) 2,6-C5 H3F2N and CAH5 N because the calculated electron
ZPE 0.077 70 0.07960 affinities are negative, as one would guess from the trend
total energy (0 K) -347.04404 -347.56517 found in going from C5F5N (EA=0.70 eV) to C5HF4N
EA (eV) -0.630 -0.453 (EA= 0.40 eV). The experimental and G3(MP2)//B3LYP cal-
dipole moment (D) 0.61c 0.73 culated electron affinities are plotted in Fig. 4. A fit to the

4-C5 H4 FN- (C1 ,2A)
ZPE 0.07061 0.076 19 calculated values shows an average of 0.25 eV decrease in
total energy (0 K) -347.020 89 -347.54851 EA per H-atom substitution. The individual calculated EAs

C5H5N (C2 ,QAl) are more accurate than the average values along the fitted
ZPE 0.085 49 0.087 53
total energy (0 K) -247.878 76 -248.281 73
EA (eV) -0.549 -0.543 H 22.7

dipole moment (D) 2.36c 2.27 (2.215±0.010)d 1.080 t.0os G 126.743,003 1.092

C5HsN- F 10$ 1.3•3 F F 1.424 F

ZPE
9  

0.07892 0.08127 1 -$ . , S. . 422 .42

total energy (0 K)
9  

-247.85858 -248.26177 1.3"9 C 1.31C77 c
S C~l, L38 C9.371 c.6

"Compound method with G3(MP2) energy calculated for a DFT Ctlf 4  1.39 a.nion L.367

[B3LYP/6-31G(d)] geometry and ZPE (Ref. 19). pF nF c an c "'
bB3LYP/6-311++G(3df,2p)l/B3LYP/6-311++G(3df,2p) plus ZPE. ,, N

4'1.309 6 1.3M43
CThe dipole moment was taken from the QCISD(T)/6-31G(d) step of the 1.3 3,3 1.303 3.3s2

G3(MP2)//B3LYP compound method. 1,334 2,271

dExperimental dipole moments were taken from Ref. 5. FIG. 3. Calculated structures for 2,3,5,6-C5 HF4 N (C2,) and 2,3,5,6-
'The point group and state are (C,, 2A') for the B3LYP/6-31G(d) geometry C HFin te G(MP2/JBLYP ethd, ad (,,, 2B, fo thelarer bsisset 4 N- (C,), with views above and to the side of the average plane of the

[6the 31 (3f2p)]L usedinthed, "pre D ) merthose targext, basiss ring. The labeling is the same as in Fig. 2, except for the H atom: the angle[6-311 + +G(3df, 2p)] used in the "pure" DF method; see text. shown is 180'-LNl-C4-H.

I, + AID 3I.. - -- Ah+ . 6ff-n I



1'14303-5 ,Electron attachment and detachment J. Chem. Phys. 123, 114303 (2005)

1 .. ACKNOWLEDGMENTS

Present We thank Professor Paul D. Burrow, Professor Ilya I.

0.5 experiment Fabrikant, and Professor Gordon A. Gallup of the University
of Nebraska for discussions on electron attachment mecha-
nisms. We are grateful for the support of the Air Force Office

> A-S 0 of Scientific Research for this work, and for a grant of com-
< puter time from the DOD High Performance Computing
Lu

G3(MP2) Modernization Program at the Maui High Performance Com-
//B3LYP puting Center. One of the authors (J.M.V.D.) acknowledges

-0.5 calculations support from the National Academy of Science of Sciences
A Air Force Summer Faculty Fellowship Program, the Re-

search Corporation, and the College of the Holy Cross. An-
-1 •other author (T.M.M.) is under contract to the Institute for

0 1 2 3 4 5 Scientific Research of Boston College (Contract No.
Number of H atoms in C2v fluorinated pyridine FA8718-04-C0006).

FIG. 4. Variation of EA with the number of H atoms in C2, fluorinated IT. M. Miller, A. A. Viggiano, J. F. Friedman, and J. M. Van Doren, J.
pyridine. The line through the calculated EAs indicates an average decrease Chem. Phys. 121, 9993 (2004).
in EA of 0.25 eV per H-atom substitution (but the individual points are more 2T. M. Miller, J. F. Friedman, and A. A. Viggiano, J. Chem. Phys. 120,
accurate than the average). The upward-pointing triangles are for molecules 7024 (2004). There is a misprint in Table II of this paper: the C-F bond
with a F atom bound to C4 (opposite the N atom in the ring). The lengths in c-C4 Fj are all 1.410 A for the G3(MP2) method, which uses a
downward-pointing triangles are for molecules with a H atom bound to C4. MP2(Full)/6-31G(d) geometry optimization. Also, the typical concentra-
The EA values are from Table III. tion of c-C 4F8 vapor in the flow tube was misstated; it should read

4 ppmv.
3T. M. Miller, A. A. Viggiano, J. F. Friedman, and J. M. Van Doren, J.

line. It is worthy of note that while the calculations show that Chem. Phys. 121, 9993 (2004).
EA(2,6-C5H3F2N) is negative, the calculated dipole moment G. W. Dillow and P. Kebarle, J. Am. Chem. Soc. 111, 5592 (1989).

5Handbook of Chemistry and Physics, 85th ed., edited by D. R. Lideof 2,6-ChH3F2N is large enough to support a dipole-bound (CRC, Boca Raton, FL, 2004), Sec. 9, pp. 45-51.
anion state of about 1 1-meV electron binding energy.24 The 6 K. D. Jordan and F. Wang, Annu. Rev. Phys. Chem. 54, 367 (2003).

calculated dipole moments in three cases (2,3,5,6- 7H. Hotop, M.-W. Ruf, M. Allan, and I. I. Fabrikant, Adv. At., Mol., Opt.
C 5HF4N, 2,4,6-C5 H2F 3N, and CAH5N) are marginal for 8 Phys. 49, 85 (2003).

D. Smith and P. ýpan~l, Adv. At., Mol., Opt. Phys. 32, 307 (1994).supporting a dipole-bound state, with electron binding ener- 9T. M. Miller, A. E. S. Miller, J. F. Paulson, and X. Liu, J. Chem. Phys.

gies predicted to be sub-meV.24  100, 8841 (1994).
1°The C5F5N was purchased from Aldrich Chemical Company and was

stated to be >99% pure. We measured a vapor pressure of 8.4 kPa at
299 K. The C5 HF4N was purchased from SynQuest Laboratories and was
stated to be >98% pure. We measured a vapor pressure of 4.0 kPa at

VI. CONCLUSIONS 303 K. Neither gas proved "sticky" or presented any handling problems.
11T. M. Miller, R. A. Morris, A. E. S. Miller, A. A. Viggiano, and J. F.

relectron attachment to Paulson, Int. J. Mass Spectrom. Ion Process. 135, 195 (1994).
Rate constants were measured for 12C. E. Klots, Chem. Phys. Lett. 38, 61 (1976). Polarizabilities were takenC5F5N (297-433 K) and to C5HF4N (303 K), using a from the B3LYPI6-311++G(3df,2p) calculations described in Sec. V:

flowing-afterglow Langmuir-probe apparatus, in a helium 9.9 A, (C5FFN) and 9.8 A3 (CHF4N), yielding electron capture (maxi-
bath at 133-Pa pressure. Attachment was found to form only 13mum) rate constants of 3.3 X 10-7 cm-3 s-1 in both cases.
the parent anions at the temperatures studied. CHF4N T. M. Miller, J. M. Van Doren, and A. A. Viggiano, Int. J. Mass.attahes paentraons at arathe temrat utes stied. CthFan fSpectrom. 233, 67 (2004).
attaches electrons at a rate that is 260 times smaller than for 14M. W. Chase, C. A. Davies, J. R. Downey, D. J. Frurip, R. A. McDonald,
C5F5N, at room temperature. Rate constants were also mea- and A. N. SyverudJ. Phys. Chem. Ref. Data 14, 1010 (1986).
sured for thermal electron detachment from the parent an- M J. Frisch, G. W. Trucks, H. B. Schlegel et al., GAUSStAN03, Revision

ions. Coupling these measurements with entropies and inte- 16C.02, Gaussian, Inc., Wallingford, CT, 2004.
'6 A. D. Becke, J. Chem. Phys. 98, 5648 (1993).grated heat capacities obtained from the DFT calculations, 17 J. p. Perdew, K. Burke, and Y Wang, Phys. Rev. B 54, 16533 (1993); K.

we obtained EA(C5F5 N)=0.70±0.05 eV and EA(C5 HF 4N) Burke, J. P. Perdew, and Y Wang, in Electron Density Functional
=0.40+0.08 eV. Calculations were carried out on Theory: Recent Progress and New Directions, edited by J. E Dobson, G.

Vignale, and M. P. Das (Plenum, New York, 1998).these molecules and other fluorinated pyridines using at J. B. Foresman and fE. Frisch, Exploring Chemistry with Electronic
DFT and the G3(MP2)//B3LYP compound method. The cal- Structure Methods, 2nd ed. (Gaussian, Pittsburgh, 1996).
culated EAs are in good agreement with the experimental "A. G. Baboul, L. A. Curtiss, P. C. Redfern, and K. Raghavachari, J.
results. Chem. Phys. 110, 7650 (1999).2°The original G3(MP2) method [L. A. Curtiss, P. C. Redfem, K. Ragha-

The present EA(C5F5N) is in excellent agreement with vachari, V. Rassolov, and J. A. Pople, J. Chem. Phys. 110, 4703 (1999)]
that of Dillow and Kebarle (0.68± 0.11 eV).4 We note that was attempted but its initial stages yielded Hartree-Fock (HF) wave func-
we have now studied a number of molecules for which EAs tions that did not seem to correspond to ground states for some of the
have been earlier measured at the University of Alberta, and molecules of interest, apparently because of the lack of electron correla-

tion contributions with the HF approach; it proved easier to divert to thehave found agreement well inside the stated uncertainties, in equally accurate G3(MP2)//B3LYP method rather than addressing the HF
all cases. issue.

~~~> c..l ýýnns;O +_ 4Arw If IAA '11 -1- + f AID I; . .... $,Ii-ni, I~,.,,ti,



4 4

114303-6 - -Van Doren etaaL J. Chem. Phys. 123, 114303 (2005)

21E. D. Glendening, A. E. Reed, J. E. Carpenter, and F Weinhold, NBO 23 G. A. Gallup, K. Aflatooni, and P. D. Burrow, J. Chem. Phys. 118, 2562
version 3.1, contained in Ref. 15. (2003).

221. Alkorta, I. Rozas, and J. Elguero, J. Am. Chem. Soc. 124, 8593 24N. 1. Hammer, R. J. Hinde, R. N. Compton, K. Diri, K. D. Jordan, D.
(2002). Radisic, S. T. Stokes, and K. T. Bowen, J. Chem. Phys. 120, 685 (2004).

L ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~h-+ AIDl~~' U2f ... .)ll ý -- AAh ...A 4' ~ ~ S+,n ~ ~ AD sn hff+,-'/~ ~ i nIýi~


